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Abstract: The violation of a Bell inequality is an experimental observation that forces one to 
abandon a local realistic worldview, namely, one in which physical properties are 
(probabilistically) defined prior to and independent of measurement and no physical influence 
can propagate faster than the speed of light. All such experimental violations require additional 
assumptions depending on their specific construction making them vulnerable to so-called 
“loopholes.” Here, we use photons and high-efficiency superconducting detectors to violate a 
Bell inequality closing the fair-sampling loophole, i.e. without assuming that the sample of 
measured photons accurately represents the entire ensemble. Additionally, we demonstrate that 
our setup can realize one-sided device-independent quantum key distribution on both sides. This 
represents a significant advance relevant to both fundamental tests and promising quantum 
applications. 
 
Introduction: In 1935, Einstein, Podolsky, and Rosen (EPR) (1) argued that quantum mechanics 
is incomplete when assuming that no physical influence can be faster than the speed of light and 
that properties of physical systems are elements of reality. They considered measurements on 
spatially separated pairs of entangled particles. Measurement on one particle of an entangled pair 
projects the other instantly on a well-defined state, independent of their spatial separation. In 
1964, Bell (2) showed that no local realistic theory can reproduce all quantum mechanical 
predictions for entangled states. His renowned Bell inequality proved that there is an upper limit 
to the strength of the observed correlations predicted by local realistic theories. Quantum 
theory’s predictions violate this limit. 
In a Bell experiment, one prepares pairs of entangled particles and sends them to two 
observers, Alice and Bob, for measurement and detection. Alice and Bob observe correlations 
between their results that, for specific choices of their measurement settings, violate the Bell 
inequality and therefore force abandonment of local realism. 
It is common that in an experiment, some particles emitted by the source will not be 
detected (3, 4). Then the subset of detected particles might display correlations that violate the 
Bell inequality although the entire ensemble can be described by a local realistic theory. To 
achieve a conclusive Bell violation without assuming that the detected particles are a “fair” 
sample, a highly efficient experimental setup is necessary. As noted by Pearle in (3), this 
efficiency need not be perfect. 
Due to experimental limitations, fair sampling has been assumed in nearly every Bell 
experiment performed to date; a few exceptions include (5-8). To date, it has never been possible 
to avoid this assumption with photons due to the absence of efficient sources and detectors. Here 
we report the first Bell experiment with photons that does not rely on any fair-sampling 
assumption.  
Since the first experimental Bell test (9), a satisfactory laboratory realization of the 
motivating gedankenexperiment has remained an outstanding challenge. The two other main 
assumptions include “locality” (10, 11) and “freedom of choice” (12). Invoking any of these 
renders an experiment vulnerable to explanation by a local realistic theory. The realization of an 
experiment that is free of all three assumptions – a so-called loophole-free Bell test – remains an 
important outstanding goal for the physics community (13). We note that with our experiment, 
photons are the first physical system for which each of these three assumptions has been 
successfully addressed, albeit in different experiments. 
In our experiment we employ the Eberhard inequality, a Bell inequality which by 
construction does not rely on the fair-sampling assumption (14). Our source of photon pairs 
utilizes spontaneous parametric down-conversion in a Sagnac configuration; this construction 
has proved to be efficient (15, 16). For photon detection, we employ superconducting transition-
edge sensors (TES) which not only offer high efficiency but also are intrinsically free of dark 
counts (17). This combination of features is imperative for an experiment in which no correction 
of count rates can be tolerated. 
 
 
Fig. 1: Principle of the experiment. Violation of an Eberhard inequality involves an EPR 
(Einstein, Podolsky, Rosen) source of polarization-entangled pairs as well as polarization 
measurements. Each measurement device can rotate the photon’s polarization according to one 
of two settings (α1, α2 and β1, β2) before projecting the photon in the “ordinary” (o) or 
“extraordinary” (e) output of a polarizing beam splitter and detecting it. All lost photons are also 
included in the derivation of the inequality as “undetected” (u) events. The terms of the 
inequality are photon counts recorded in the different settings. 
Theory: Eberhard’s inequality, which was proposed almost two decades ago (14), is a CH-type 
Bell-inequality (18) that explicitly includes also undetected (inconclusive) events. Therefore, its 
violation already implies that the fair-sampling loophole is closed. Moreover, the derivation of 
Eberhard’s inequality even includes pairs not detected on either side (and can be generalized for 
those not even produced), which means that no post-selection on the created pairs is necessary to 
violate the inequality. 
It is broadly recognized that Eberhard’s inequality requires the lowest known symmetric arm 
efficiency for non-maximally entangled qubit states of only η = 2/3 ≈ 66.7 %. This arm 
efficiency comprises all losses, in particular those in the source and the measurement setup 
including the detector. Note that with asymmetric efficiencies or higher-dimensionally entangled 
states, thresholds lower than 2/3 have been reported (19, 20). For the most widely used Bell 
inequality by Clauser, Horne, Shimony and Holt (CHSH) (21) at least η = 2√2–2 ≈ 82.8 % is 
necessary in the symmetric case.  For polarization-entangled photon-pairs, Eberhard’s inequality 
considers three possible outcomes: o (“ordinary”) and e (“extraordinary”) for the two recorded 
outcomes of a polarization measurement, and u (“undetected”) if no photon is detected (see fig. 
1). Two different measurement settings α1, α2 (β1, β2) on Alice’s (Bob’s) side are used, 
respectively. Let nkl(αi,βj) denote the number of pairs with the outcome k (l) for Alice’s (Bob’s) 
photon with k,l ∈ {o,e,u}, when measured in settings αi (βj) with i,j ∈ {1,2}. Then the Eberhard 
inequality can be written as: 
J = ! noo(!1,"1)+ noe(!1,"2 )+ nou(!1,"2 )+ neo(!2,"1)+ nuo(!2,"1)+ noo(!2,"2 ) " 0 [1]  
Local realism allows J to take only non-negative values. Quantum-mechanically, the 
maximal violation is given by J/N = (1–√2)/2 ≈ –0.207 (22), where N denotes the number of 
entangled particle pairs produced per applied setting combination. This bound is reachable for η 
= 1 symmetric arm efficiency and maximally entangled states. For the largest possible violation 
of the Eberhard inequality with η < 1, non-maximally entangled states must be used. These take 
the form 
!r =
1
1+ r 2
HV + r VH( ) [2]  
with 0 < r <1 and H (V) denoting horizontal (vertical) polarization of Alice’s and Bob’s photons. 
Depending on the background count rate, efficiencies higher than η = 2/3 are needed (14). 
Interestingly, for η < 82.8 %, non-maximally entangled states are not only optimal but even 
necessary for a violation of Eberhard’s inequality.  
In an experiment, one records measurements of “singles counts” S (number of detection 
events on one side) and coincidence counts C (number of detected pairs) for the four different 
combinations of settings (α1,β1), (α1,β2), (α2,β1), and (α2,β2). The number of events where one of 
the outcomes is undetected follows directly from the measured rates: for a given measurement 
length, let us denote the measured coincidence counts by Ckl(αi,βj) and the singles counts by 
SkA(αi) for Alice and SlB(βj) for Bob (k,l ∈ {o,e}). Then all terms in Eberhard’s inequality are 
given by the measured quantities as follows:  
 
noo(α1,β1) = Coo(α1,β1)    
noe(α1,β2) = Coe(α1,β2)  nou(α1,β2) = SoA(α1) − Coo(α1,β2) − Coe(α1,β2) 
neo(α2,β1) = Ceo(α2,β1)  nuo(α2,β1) = SoB(β1) − Coo(α2,β1) − Ceo(α2,β1) 
noo(α2,β2) = Coo(α2,β2)  
 
Inserting this into Eberhard’s inequality yields: 
J = !Coo(!1,"1)+ SoA (!1)!Coo(!1,"2 )+ SoB ("1)!Coo(!2,"1)+Coo(!2,"2 ) " 0 [3]  
where the coincidence counts Coe(α1,β2) and Ceo(α2,β1) have dropped out. The resulting 
inequality that is used in our experiment now only contains directly available detection events 
related to the ordinary beams of Alice and Bob. Remarkably, this implies that Alice and Bob 
each only need one detector to test the inequality while closing the fair-sampling loophole, in 
contrast to two detectors each for testing a CHSH inequality. This feature can also be intuitively 
understood: consider detectors that also monitor the e outcomes, and gradually lower their 
detection efficiency until it vanishes completely. This will just move events from “e” to “u”, i.e. 
from noe(α1,β2) to nou(α1,β2) and from neo(α2,β1) to nuo(α2,β1). Since only their sum appears in the 
Eberhard inequality, the value of J does not change. 
Experiment: The entangled photon pairs at 810 nm are produced in a Sagnac type source (15, 
23) pumped by a 405 nm laser. The source is based on type-II spontaneous parametric down-
conversion using a nonlinear crystal (ppKTP). In each arm, a cut-off filter and a 3 nm 
interference filter with near 99 % transmission are used to suppress counts from the pump laser 
and reduce the background counts. The source can be tuned to produce non-maximally entangled 
states of the form [2] for any r by setting the polarization of the pump light with a half- and 
quarter-wave plate. 
The measurement setup (see fig. 2), containing a rotatable half-wave plate in a high-
precision rotation mount and a calcite polarizer, is stationed in front of the fiber coupler on both 
Alice´s and Bob´s side to facilitate measurement of the desired polarization (α and β). Only one 
output of the polarizer is needed for the measurements (see fig. 2 and theory), therefore only the 
transmitted ordinary beam of the polarizer is coupled into the fiber. The extraordinary beam is 
blocked after transmission. We couple the 810 nm photons into an optical fiber (SMF-28), which 
guides the photons to the sensitive area of the detectors. To achieve high coupling efficiency in 
both arms, we optimized the focusing of the pump laser and the fiber couplers (24, 25).  
 
  
 
Fig. 2: Setup. The source, based on spontaneous parametric down-conversion in a Sagnac-
configuration, produces polarization-entangled photons at 810 nm. A measurement setting is 
implemented in each arm by rotating a half-wave plate to the desired angle in front of a calcite 
polarizer. Photons transmitted through the calcite polarizer (ordinary output beam) are filtered 
spectrally and coupled into an optical fiber (SMF-28) which leads them to transition-edge 
sensors (TES) for detection. The output signals from the detectors are amplified by 
superconducting quantum interference devices (SQUIDs) and further electronics before being 
digitized and processed by an algorithm that identifies photons and time-correlated photon pairs. 
 
To achieve highly efficient photon detection, we employed TES calorimetric detectors that 
owe their sensitivity to operation at the superconducting transition, a regime characterized by 
steep R-T dependence (17). Benefiting from a wavelength-optimized optical structure, these 
detectors have been reported to demonstrate detection efficiencies of up to 98%, including losses 
from packaging and fiber coupling (16, 17). Superconducting quantum interference devices 
(SQUIDs) (26) amplify the nA-scale TES current signal, which is subsequently digitized and 
stored for later analysis. Algorithms identify photon signatures in the analog output signal, 
determine an arrival time for each event, and count two-photon coincidences, all without 
requiring additional information from the user about the data.  
As a guide for the experimental settings needed to observe a violation of local realism, we 
used numerical simulations and optimization to determine an optical non-maximally entangled 
state.  For input, the model used overall efficiencies ηA and ηB at Alice and Bob’s side, the 
estimated background rate, and the observed visibility.  The model not only estimated a value for 
r but also appropriate measurement settings α1, α2, β1, and β2 at Alice and Bob’s side.    
Result:  We used a value of ~0.3 for r and measured for a total of 300 seconds per setting at each 
of the four settings α1β1, α1β2, α2β1, and α2β2 described by angles α1 = 85.6°, α2 = 118.0°, β1 = 
−5.4°, and β2 = 25.9°.  The relevant singles and coincidence counts obtained appear below and 
yield a J-value of J = −126715.  
 
Coo(α1,β1) SoA(α1) Coo(α1,β2) SoB(β1) Coo(α2,β1) Coo(α2,β2) J 
1069306 1522865 1152595 1693718 1191146 69749 –126715 
Table 1: Measurement results and J-value for a total measurement time of 300 s per setting. 
Without background subtraction, the Eberhard J-value can be calculated from the measured data 
according to [3]. Green (red) values contribute beneficially (detrimentally) to a negative J-value. 
 
After recording for a total of 300 seconds per setting we divided our data into 10-second 
blocks and calculated the standard deviation of the resulting 30 different J-values. This yields a 
sigma of 1837 for our aggregate J-value of J = −126715, a 69-σ violation. Note that this 
calculation does not assume Poissonian counting statistics or any error propagation rules. We 
estimate the number of produced pairs to N = 24.2⋅106 per applied setting, yielding a normalized 
violation of J/N = –0.00524 (± 0.00008). 
Under the assumptions of locality and freedom-of-choice, a negative J-value refutes local 
realism without the fair-sampling assumption or post-selection on created pairs, regardless of the 
states and angles used for the measurement or any error in their implementation. Nonetheless, 
additional measurements can provide further insight to the obtained value. The directly measured 
arm efficiencies (each a ratio of observed coincidence and singles counts without any correction) 
measured in the HV-basis were ηA = 73.77 % (± 0.07 %) in Alice’s arm and ηB = 78.59 % (± 
0.08 %) in Bob’s. We attribute imperfect coupling efficiency to a variety of possibly arm-
dependent effects including optical losses in the source, coupling, fiber splices, and detectors. 
We estimate our r-value and visibility to around 0.297 and 97.5 % respectively. Using these 
values, our numerical model (used for the aforementioned optimization) agrees very well with 
our measured J-value.  
 
Fig. 3: Eberhard J-value computed from up to five measurements of recorded data. Any negative 
J-value violates the inequality and refutes all local realistic models that exploit the fair-sampling 
loophole. Error bars represent plus/minus one standard deviation calculated from the binned raw 
data.  
 
Closing the fair-sampling loophole is not only important for answering fundamental 
questions about science but is also relevant to practical applications like device-independent 
quantum key distribution (DI-QKD) (27). The basic idea in DI-QKD protocols is that they do not 
require assumptions about the operation of any physical apparatus. The practical relevance of 
this has already been demonstrated, as photon detectors can be manipulated by an outsider even 
to mimic experimental Bell-violations based on explicitly exploiting the fair-sampling loophole 
(28). DI-QKD is inherently immune to such attacks. To implement DI-QKD, at least 75 % arm 
efficiency is needed (29). Our results demonstrate that this bound is within the reach of current 
technology. 
With an additional assumption, namely that a communicating party trusts his own 
measurement apparatus, one arrives at one-sided DI-QKD where the arm efficiency requirement 
is reduced to 65.9 % (30). This protocol enables a communication party to convince himself that 
he shares entangled photons with his partner, even if the partner and source are not trusted. 
Implementing this protocol on both sides allows both partners the same peace of mind, as each 
can confirm their security relying only on devices within their own control.  
Additional measurements demonstrate that our apparatus is capable of implementing one-
sided DI-QKD on Alice’s side as well as Bob’s. For this demonstration, we set the source to a 
maximally entangled Bell state and measured in the 0°/90° (σz) and the 45°/135° (σx) bases, 
where σi are the Pauli operators. In the σz-basis we observed a visibility of 99.78 % (± 0.03 %) 
and in the σx-basis a visibility of 96.78 % (± 0.01 %). Together with arm efficiencies 72.46 % (± 
0.08 %) (78.12 % (± 0.09 %)) for Alice (Bob) and using the formulasi in (30), we estimate a 
minimum key rate of 1096 Hz (± 19 Hz) (461 Hz (± 11 Hz)) for one-sided DI-QKD on each side. 
An additional test with increased pump power yielded a four-fold increase in key rates, and we 
anticipate that some optimization in our setup and counting routines together with higher pump 
powers will yield significant further improvement on these values.   
Conclusion: Using photons, we have demonstrated an experimental Bell inequality violation 
closing the fair-sampling loophole. Without relying on any assumed error distribution, we 
statistically verify a violation of the Eberhard inequality by nearly 70 standard deviations and 
thus clearly demonstrate the necessity to abandon all local realistic theories that take advantage 
of unfair sampling to explain the observed values. We note that this test makes photons the first 
system for which each of the three major loopholes has been closed, albeit in separate 
experiments. Moreover, the derivation of Eberhard’s Bell inequality even includes events not 
detected on either side; hence no post-selection is necessary to violate the inequality. This is 
relevant not only to fundamental tests like a loophole-free Bell demonstration, but also represents 
promise for practical applications like, as demonstrated here, one-sided device-independent 
quantum key distribution, implemented from both sides. 
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i For q in (30), we assume q=1. Due to the quality of the components in our measurement apparatus, 
we estimate that q will in fact be very close to 1. 	  
